
EXOTIC MOLECULES IN SPACE : A COORDINATED ASTRONOMICAL

LABORATORY, AND THEORETICAL STUDY

NASA Grant NAG5- 4050

Final Report

for the Period 1 May 1997 through 30 April 2000

Principal Investigator
Professor Patrick Thaddeus

November, 2000

Prepared for

National Aeronautics and Space Administration

Washington, DC 20546

SMITHSONIAN INSTITUTION

ASTROPHYSICAL OBSERVATORY

CAMBRIDGE, MASSACHUSETTS 02138

Director: Irwin I. Shapiro

The Smithsonian Astrophysical Observatory
is a member of the

Harvard-Smithsonian Center for Astrophysics

The NASA Technical Officer for this grant is Guy Stringfellow, Code SR, NASA HQ,

Washington, DC 20546





Exotic Molecules in Space: A Coordinated Astronomical,

Laboratory and Theoretical Study

NASA NAG5-4050

Final Report

Great strides been made during the past three years in our laboratory

investigation of molecules of astrophysical interest. Between 20 and 30 new

molecules have been discovered each year of the grant with our ultrasensitive

Fourier-transform microwave (FTM) spectrometer, bringing the total found

during the last three years to 83. (See Figure.) Six of these have already been

discovered by us and colleagues in at least one astronomical source in the

Galaxy, and a seventh, the molecular ion HC3NH +, has been detected by a

Japanese group at Nobeyama Observatory. It is likely that most or many of the

remaining 76 will be found with the powerful radio and far infrared telescopes

now under construction or planned. The 32 papers published or submitted

during the grant period are listed below.

The discovery of five silicon-carbon chains and one ring, rhomboidal SIC3, is

particularly noteworthy. These all were found during the last few weeks of 1998. As

soon as we had good frequencies in hand we attempted to find SIC3, the most

interesting of the set, and we quickly detected seven lines at precisely the right

frequencies in the molecular shell of the well-known evolved carbon star IRC+10216,

one of the best astronomical sources of complex molecules. The identification is quite

conclusive; SiC3 is the sixth and largest ring molecule which has been found in space.

A paper describing this discovery has appeared in Astrophysical Journal Letters (No. 24 in

the references here).

Several comments with respect to all the new molecules should be made:

1. There are probably no mistakes in any of the identifications, since these have been

confirmed by the standard, powerful assays and tests used to check spectroscopic

identifications: isotopic substitution, quantum calculations of the expected molecular

structures, detection of hyperfine structure, Zeeman effect, etc. No one--physicist,

chemist, or astronomer--to our knowledge has questioned any of the identifications,

which generally are about as secure as identifications can be which are largely based on

refined, ultra precise, spectroscopic measurements.



2. The radio laboratory astrophysicsof the entire setis complete for the time being, in

the sensethat essentially all the astronomically interesting radio transitions (including
hfs when present) areeither directly measuredor cannow be calculated from the

derived spectroscopicconstants to better than I part per million (or 0.3km s-1in radial

velocity, and often much better than that). Becausewe now know how to make these

molecules in specific quantities in our supersonic molecular beam, the stageis setfor
further studies in the infrared and visible bands. Thesefurther studies, someof which

areunderway in this laboratory, may beof great value to astrophysics; the molecules

we have found, for example, may be carriers of the famous optical diffuse interstellar

bands, which have been called the outstanding unsolved problem in astrophysical

spectroscopy.

3. Sensitive asthey are,our laboratory techniques are far from fundamental limits on

sensitivity. By cooling the optics and receiver of our FTM spectrometer to the

temperature of liquid nitrogen, 77 K, we achieved a year ago a fourfold increasein

sensitivity, important to several of our recent discoveries. By further cooling the crucial

components of the spectrometer to the temperature of liquid helium, 4 K, asSaykally for

example hasdone in the infrared, we stand to gain anadditional order of magnitude in
sensitivity.

4. One of the principal motivations of our researchis to close the fairly small massand

sizegap, now only a factor of a few, between the smallest postulated interstellar grains
and the largest identified interstellar molecules. A remarkable effectwhich we have

observed in someof our laboratory discharge sourcesmay help us to significantly
narrow this gap. The laboratory decrement in density between one molecule and the

next in a homologous series,saybetweenHC15N and HC17N, is much smaller than that

betweensmaller members of the series,say between HCsN and HC7N. In fact, the

decrement is almost zero for the two large carbon chains just cited. The reasonfor this

is thought to be the enhancedstability of large dusters to dissociative recombination

and other destructive processes,and, if so, a similar effectmay occur in space. Large

moleculesmay be easierto find both in the laboratory and in spacethan oncethought.

It was clearfrom the outset that without a determined effort the flood of new molecular

data would overwhelm our ability to analyze and to publish. We have according made

a strenuous effort to publish our findings rapidly and completely, and we arehappy to

report that most of our new moleculeshave already appeared in the leading journals of

astronomy, spectroscopy,and physical chemistry, or are in pressand about to appear.
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Two New Cumulene Carbenes: H2Cs and H2C6," M. C. McCarthy, M. J.

Travers, A. Kovacs, W. Chen, S. E. Novick, C. A. Gottlieb, and P.

Thaddeus, 1997, Science, 275, 518.

"Detection of a New Linear Carbon Chain Radical: C7H," M. Gu61in, J.

Cernicharo, M. J. Travers, M. C. McCarthy, C. A. Gottlieb, P. Thaddeus,

M. Ohishi, S. Saito, and S. Yamamoto, 1997, Astronomy and Astrophysics,

317, L1.

"Microwave Spectroscopy of the Carbon Chain Radical CllH," M. C.

McCarthy, M. J. Travers, P. Kalmus, C. A. Gottlieb, and P. Thaddeus,

1996, Chemical Physics Letters, 264, 262.

"First Astronomical Detection of the Cumulene Carbon Chain Molecule

H2C6 in TMC-I," W. D. Langer, T. Velusamy, T. B. H. Kuiper, R. Peng, M.

C. McCarthy, M. J. Travers, A. Kovacs, C. A. Gottlieb, and P. Thaddeus,

1997, Astrophysical Journal Letters, 480, L63.

Eight New Carbon Chain Molecules," M. C. McCarthy, M. J. Travers, A.

Kovacs, C. A. Gottlieb, and P. Thaddeus, 1997, Astrophysical Journal

Supplement, 113, 105.

"Detection of HCllN in the Cold Dust Cloud TMC-I," M. B. Bell, P. A.

Feldman, M. J. Travers, M. C. McCarthy, C. A. Gotttieb, and P. Thaddeus,

1997, Astrophysical Journal Letters, 483, L61.

"Laboratory Detection of the Ring-Chain Molecule C5H2," M. J. Travers,

M. C. McCarthy, C. A. Gottlieb, and P. Thaddeus, 1997, Astrophysical

Journal Letters, 483, L135.

"Laboratory Detection of the Ring-Chain Molecule C7H2, '' M. C.

McCarthy, M. J. Travers, C. A. Gottlieb, and P. Thaddeus, 1997,

Astrophysical Journal Letters, 483, L139.

"Laboratory Detection of a New Carbon Chain Radical: H2CCCCN," Wei

Chen, M. C. McCarthy, M. J. Travers, E. W. Gottlieb, M. R. Munrow, S. E.

Novick, C. A. Gottlieb, and P. Thaddeus, 1998, Astrophysical Journal, 492,

849.

"Organic Molecules in the Interstellar Gas," P. Thaddeus, 1998,

Enciclopedia Italiana Treccani: Frontiere della Biologia, 1, 39.

,. H r ,,T..Laboratory Detection of the Carbon Chains HClsN and ,_vl_, M.C.

McCarthy, J.-U. Grabow, M. J. Travers, W. Chen, C. A. Gottlieb, and P.

Thaddeus, 1997, Astrophysical Journal Letters,

494, L231.
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"Microwave Spectraof the Methylcyanopolyynes CH3(C-C)nCN, n = 2, 3,
4, 5," Wei Chen, J.-U. Grabow, M. J.Travers, MichaeleenR. Munrow,
Stewart E.Novick, M. C. McCarthy, and P.Thaddeus,1998,Journal of

Molecular Spectroscopy, 192, 1.

"Microwave Spectra of the Methylpolyynes CH3(CaC)4H and

CH3(C=C)5H, '' M. J. Travers, W. Chen, J-U. Grabow, M. C. McCarthy,

and P. Thaddeus, 1998, Journal of Molecular Spectroscopy, 192, 12-16.

"Laboratory Detection of the Carbon Ring-Chain C9H2," M. C. McCarthy,

M. J. Travers, W. Chen, C. A. Gottlieb, and P. Thaddeus, 1998,

Astrophysical Journal Letters, 498, L89.

"New Carbon Chains in the Laboratory and in Interstellar Space," P.

Thaddeus, M. C. McCarthy, M. J. Travers, C. A. Gottlieb, and W. Chen,

1998, Journal of the Chemical Society: Faraday Discussions, 109, 121-135.

"Rotational Spectra of the Carbon Chain Free Radicals C10H, C12H, C13H,

and C14H," C. A. Gottlieb, M. C. McCarthy, M. J. Travers, and P.

Thaddeus, 1998, Journal of Chemical Physics, 109, 5433.

"The Isocyanopolyynes HC4NC and HC6NC: Microwave Spectra and Ab

Initio Calculations," P. Botschwina, A. Heyl, W. Chen, M. C. McCarthy, J-

U. Grabow, M. J. Travers, and P. Thaddeus, 1998, Journal of Chemical

Physics, 109, 3108.

Laboratory Detection of the Ring-Chain Carbenes HC4N and HC6N," M.

C. McCarthy, J.-U. Grabow, M. J. Travers, W. Chen, C. A. Gottlieb, and P.

Thaddeus, 1998, Astrophysical Journal, 513, 305.

"Microwave Spectroscopy of the 2,4-pentadiynyl Radical: H2C5," Wei

Chen, Stewart E. Novick, M. C. McCarthy, and P. Thaddeus, 1998, Journal

of ChemicalPhysics, 109,10190.

"Hyperfine Structure of the CsH, C6H, and CsH Radicals," M. C.

McCarthy, W. Chen, A. J. Apponi, C. A. Gottlieb, and P. Thaddeus, 1999,

Astrophysical Journal, 520, 158.

"Laboratory Detection of Two New C5H2 Isomers," C. A. Gottlieb, M. C.

McCarthy, V. D. Gordon, J. M. Chakan, A. J. Apponi, and P. Thaddeus,

1998, Astrophysical Journal Letters, 509, L141.

"Observations of Long CnH Molecules in the Dust Cloud TMC-I," M. B.

Bell, P. A. Feldman, J. K. G. Watson, M. J. Travers, M. C. McCarthy, C. A.

Gottlieb, and P. Thaddeus, 1998, Astrophysical Journal, 518, 740.

"Rhomboidal SIC3," M. C. McCarthy, A. J. Apponi, and P. Thaddeus, 1999,

Journal of Chemical Physics, 110, 10645.
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"Astronomical Detection of Rhomboidal SIC3," A. J. Apponi, M. C.

McCarthy, C. A. Gottlieb, and P. Thaddeus. 1999, Astrophysical Journal

Letters, 516, L103.

"Electronic Ground and Excited State Spectroscopy of C6H and C6D," H

Linnartz, T. Motylewski, O. Vaizert, J. P. Maier, A. J. Apponi, M. C.

McCarthy, C. A. Gottlieb, and P. Thaddeus, 1999, Journal of Molecular

Spectroscopy, 197, 1.

"Microwave Spectra of the Methylpolyynes CH3(C-C)6H and

CH3(C=C)7H, '' Wei Chen, M. C. McCarthy, S. E. Novick, and P.

Thaddeus, 1999, Journal of Molecular Spectroscopy, 196, 335.

"Carbon Chains and Exotic Rings in the Laboratory and in Space," P.

Thaddeus and M. C. McCarthy, 1999, in The Physics and Chemistry of the

Interstellar Medium (Proceedings of the 3rd Cologne-Zermatt Symposium,

Zermatt, September 1998), ed. V. Ossenkopf (Springer), p. 338.

"The Rotational Spectrum of Rhomboidal SIC3," A. J. Apponi, M. C.

McCarthy, C. A. Gottlieb, and P. Thaddeus, 1999, Journal of Chemical

Physics, 111, 3911.

"Laser Spectroscopy of the Carbon Chains HC7H and HC9H," C. D. Ball,

M. C. McCarthy, and P. Thaddeus, 1999, Astrophysical Journal Letters, 523,
L91.

"Rotational Spectrum and Theoretical Structure of the Carbene HC4N," M.

C. McCarthy, A. J. Apponi, V. D. Gordon, C. A. Gottlieb, P. Thaddeus, T.

D. Crawford, and J. F. Stanton, 1999, Journal of Chemical Physics, 111, 6750.

"Laboratory Detection of Four New Cumulene Carbenes: H2C7, H2C8,

H2C9, and D2C10, "A. J. Apponi, M. C. McCarthy, C. A. Gottlieb, and P.

Thaddeus, 2000, Astrophysical Journal, 530, 357.

"A Second Rhomboidal Isomer of SIC3," M. C. McCarthy, A. J. Apponi,

and P. Thaddeus, 1999, Journal of Chemical Physics, 111, 7175.

FIGURE CAPTION

The 83 new carbon chains and rings detected with the FTM molecular

beam spectrometer during the past three years. The seven identified in space are

indicated by an asterisk. The largest carbon chains here have a molecular weight

more than twice as large as glycine, the simplest amino acid.
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